Background {#Sec1}
==========

MicroRNA-139-5p (miR-139-5p) and miR-139-3p are mature miRNAs generated from a miR-139 precursor \[[@CR1], [@CR2]\]. The knowledge about miR-139-3p function in bovine mammary epithelium is very limited, but it is worth noting that miR-139-3p has been identified in bovine milk \[[@CR3]\]. It is a widely used assumption that there is only one type of mature bta-miR-139, and it has the same sequence as hsa-miR-139-5p. MicroRNAs regulate a wide variety of biological processes, including cell proliferation, apoptosis, developmental timing, and signal transduction \[[@CR4]\]. Previous studies about miR-139 have focused on its antioncogenic and antimetastatic activities \[[@CR5]\]. It has been shown that miR-139-5p suppresses proliferation, migration, and invasion in esophageal cancer \[[@CR6]\], colorectal cancer \[[@CR7]\], non-small cell lung cancer \[[@CR8]\], hepatocellular carcinoma \[[@CR9]\] and breast cancer \[[@CR5], [@CR10]\]. Moreover, miR-139-5p inhibits the epithelial-mesenchymal transition of hepatocellular carcinoma cells \[[@CR2]\]. Although some microarray studies show that miR-139 expression is down-regulated in the mammary tissue during the transition period between pregnancy and lactation \[[@CR11]\], little is known about effects of miR-139 in healthy mammary glands.

Growth hormone (GH) is a pituitary hormone that exerts a galactopoietic effect on the bovine mammary gland and controls milk protein synthesis \[[@CR12], [@CR13]\]. In addition to the pituitary gland, GH is produced in an autocrine manner by the mammary gland \[[@CR14]\]. The effects of GH are mediated through interaction with growth hormone receptor (GHR), whose expression is regulated by GH \[[@CR14], [@CR15]\]. Localization of GHR is strong on the membrane as well as in the cytoplasm of the bovine mammary epithelial cell (BMEC) \[[@CR15], [@CR16]\]. GHR immunostaining within the nucleus is rare or absent \[[@CR17]\]. GHR may be involved in milk protein secretion in BMECs \[[@CR12]\]. The most abundant milk protein is β-casein, which makes up approximately 30% of the total protein in cows' milk \[[@CR18]\].

Type I insulin-like growth factor (IGF1) is the major mediator of GH effects in many tissues. Previous studies have indicated that GH can act indirectly on the mammary gland by stimulating IGF1 secretion from the liver \[[@CR19]\]. Evidence has also shown that GH induces the expression of IGF1 mRNA in mammary gland \[[@CR20], [@CR21]\]. The functions of IGF1 are mainly mediated through the type I insulin-like growth factor receptor (IGF1R) \[[@CR22]\]. Interestingly, some of the IGF1R downstream signaling members are shared with GH \[[@CR20]\]. IGF1R signaling can promote cell proliferation, survival, differentiation, and protein synthesis \[[@CR19], [@CR20]\].

In this study, *GHR* and *IGF1R* were prioritized as two of potential target genes of miR-139 in cow. Combining their roles in lactation processes, and the down-regulation of miR-139 in the mammary tissue during the transition period between pregnancy and lactation, we hypothesized that miR-139 is also involved in regulation of lactation. The aim of this study was to investigate the effects of miR-139 on lactation in dairy cows.

Methods {#Sec2}
=======

Animals and mammary gland samples {#Sec3}
---------------------------------

Samples were collected from mammary glands of Holstein cows. All animals were clinically healthy. The average weights of the dairy cows were 609 ± 9.08 kg (mean ± SEM). The cows were separated into two groups by developmental stage: mid-pregnancy (*n* = 3) or mid-lactation (n = 3). Three pregnant cows went through a dry period and then were pregnant again. Lactating cows were at 90 DIM. The cows were slaughtered by exsanguination, and the mammary glands were removed immediately after slaughtering. Mammary gland samples were frozen in liquid nitrogen and stored at −80 °C. In our study, all animal experimental protocols were approved by the Institutional Animal Care and Use Committee of Northeast Agricultural University (China).

Plasmid construction {#Sec4}
--------------------

The wild-type and mutated sequences of the 3**′**- untranslated region (UTR) of *GHR* (Cow *GHR*, NCBI Accession \# NC_007318.5) and *IGF1R* (Cow *IGF1R*, NCBI Accession \# AC_000178.1) with specific restriction sites *XhoI* and *NotI* were constructed by Sangon Biotech Company (Shanghai, China).

The 214-bp fragment from *GHR* 3′-UTR contained a predicted bta-miR-139 binding region (**5**′**-ACACG**GTGTAC**TGTAG-3**′). The binding site of the mutated 3′-UTR sequence of *GHR* was **5**′**-TGTGC**GTGTAC**ACATC-3**′**.** The 242-bp fragment from *IGF1R* 3′-UTR contained a predicted bta-miR-139 binding region (**5**′**-ACTGTAGA-3**′)**.** The binding site of the mutated 3′-UTR sequence of *IGF1R* was **5**′**-TGACATCT-3**′. All sequences were confirmed by sequence analysis. The wild-type or mutant 3′-UTR was subcloned into the *XhoI*-*NotI* site of the psiCHECK-2 vector (Promega, Madison, WI, USA).

HeLa cell culture and dual luciferase reporter assay {#Sec5}
----------------------------------------------------

The HeLa cell line was purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA). The cell line was maintained in Dulbecco's modified Eagle's medium (DMEM) (High Glucose) (Invitrogen, Carlsbad, CA, USA) and supplemented with 10% fetal bovine serum (FBS) (Gibco, Rockville, Maryland, USA), penicillin (100 units/mL), and streptomycin (100 μg/mL) at 37 °C in a 5% CO~2~ humidified incubator. Cells were seeded at 1 × 10^5^ cells per well in a 12-well plate the day before transfection. Cells were co-transfected with a total of 500 ng of the psiCHECK-2 luciferase reporter construct or empty psiCHECK-2 vector, and 40 pmol of negative control of bta-miR-139 mimic or bta-miR-139 mimic (RiboBio Company, Guangzhou, China). Transfections were performed using Lipofectamine 2000. At 24 h post-transfection, the medium was changed. The cells were grown for an additional 24 h before the assay was performed.

Firefly and Renilla luminescent signals arising from psiCHECK-2 transfected cells were quantified according to the manufacturer's instructions for the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) with a VICTOR Multilabel Counter luminometer (PerkinElmer, Waltham, MA). Independent experiments were performed 3--5 times.

BMECs culture and transfection {#Sec6}
------------------------------

BMECs were prepared and identified as previously described \[[@CR23]\]. In brief, the tissue samples from lactating Holstein cows were minced with surgical scissors and transferred to cell culture bottles coated with collagen. Mammary tissue pieces were cultured in Dulbecco's modified Eagle's medium F-12 (DMEM/F12) (Gibco, Rockville, Maryland, USA) and supplemented with 10% FBS, penicillin (100 units/mL), and streptomycin (100 μg/mL) at 37 °C in a 5% CO~2~ humidified incubator. BMECs and fibroblasts were separated by selective trypsinization (0.25% trypsin). Pure BMECs were obtained after four passages and identified by immunofluorescence for Cytokeratin-18 and β-casein.

The BMECs were seeded at 3 × 10^5^ cells per well in a 6-well plate and grown for 24 h. Then, the cells were transfected with 100 pmol of negative control of bta-miR-139 mimic (Mimic NC), bta-miR-139 mimic, negative control of bta-miR-139 inhibitor (Inhibitor NC) or bta-miR-139 inhibitor (RiboBio Company, Guangzhou, China) using Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. The control group was only transfected with Lipofectamine 2000. Opti-MEM (Reduced Serum Medium) (Gibco, Rockville, Maryland, USA) was used as medium. Approximately 5 h after transfection, the medium was changed to DMEM/F12 supplemented with 10% FBS.

RNA extraction and quantitative real-time polymerase chain reaction assay {#Sec7}
-------------------------------------------------------------------------

Total RNA was extracted from frozen tissues or BMECs using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. RNA extraction from BMECs was performed 24 h post-transfection. RNA integrity was assessed by electrophoresis on 1% (*w*/*v*) agarose gels. The ratio of the optical densities measured at 260 and 280 nm by an ND-1000 spectrophotometer (NanoDrop Technologies, USA) was \>1.8 for all RNA samples.

To determine the relative amount of miR-139 or U6 transcripts, cDNA was synthesized using M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Primer sets used in reverse transcription and quantitative Real-time Polymerase Chain Reaction(qPCR) for bta-miR-139 or U6 were purchased from GenePharma Company (Shanghai, China). To determine the relative amount of *GHR* or *IGF1R* transcripts, cDNA was synthesized using the PrimeScript™ RT reagent kit (TaKaRa, Ostu, Japan). QPCR reactions were performed using SYBR Premix Ex Taq™ (TaKaRa, Ostu, Japan) and the ABI PRISM 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The primers were designed by Primer Premier 5.0 software. The primers used were as follows---*GHR*: forward 5′-CGTGGACAACGCTTACT -3′ and reverse 5′-AAGGGTTTCTGTGGTGAT -3′; *IGF-IR*: forward 5′-AGAAGCAGGCGGAGAAGGA-3′ and reverse 5′-AAGGGTTTCTGTGGTGAT -3′; *β-actin*: forward 5′-TTAGCTGCGTTACACCCTT -3′ and reverse 5′-GTCACCTTCACCGTTCCA -3′. All reactions were performed in triplicate. The expression of miR-139 was normalized to U6. Gene expression was normalized to β-actin. The stability of U6 and β-actin were confirmed under the experimental conditions. The relative levels of miRNA or mRNA were determined using the 2^-△△Ct^ method.

Western blotting analysis {#Sec8}
-------------------------

Western blotting analysis was performed as previously described \[[@CR24]\]. Briefly, BMECs were harvested on ice using RIPA buffer (Beyotime Biotechnology, Shanghai, China) to which protease inhibitors had been added (2 mM PMSF, 5 mM Na~3~PO~4~, 5 mM NaF, and complete protease inhibitor) at 48 h post-transfection and then homogenized by ultrasonication. The BCA protein assay was used to measure protein concentration in the samples. Approximately 50 μg total protein was subjected to a 10% SDS-PAGE. The separated proteins were transferred to a nitrocellulose membrane and incubated in blocking buffer. Membranes were then incubated with primary antibodies overnight at 4 °C, followed by incubation with horseradish peroxidase-conjugated secondary antibodys against mouse, rabbit or goat (ZSGB-BIO, Beijing, China) at room temperature for 1 h. Protein bands were visualized using an ECL system. The following primary antibodies were purchased from Santa Cruz Biotechnology: antibodies for phosphorylated signal transducer and activator of transcription-5 (p-STAT5) (1:200 dilution, sc-11,761), signal transducer and activator of transcription-5 (STAT5) (1:200 dilution, SC-836), protein kinase B (also known as AKT1) (1:200 dilution, SC-1618), phosphorylated AKT1 (1:200 dilution, sc-135,650), phosphorylated p70-S6 Kinase (1:200 dilution, p-p706SK) (sc-11,759), p70-S6 Kinase (p706SK) (1:200 dilution, sc-230), Cyclin D1 (1:200 dilution, sc-718), and β-actin (1:400 dilution, sc-47,778); from Cell Signaling Technology: antibodies for IGF1R (1:1000 dilution, \#3027), phosphorylated mammalian target of rapamycin (p-mTOR) (1:1000 dilution, \#2971) and mammalian target of rapamycin (mTOR) (1:1000 dilution, \#2972); and from Abbiotec Company: β-casein antibody (1:200 dilution, \#251309). β-actin was used as an endogenous reference gene. All experiments were performed in triplicate. Western blotting data were scanned and quantified using Bandscan5.0 software.

3-(4,5-Dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide assay {#Sec9}
-------------------------------------------------------------------

BMECs were cultured in 96-well plates (1 × 10^4^ cells per well). At 24, 48, 72, or 96 h post-transfection with Lipofectamine 2000 (Control), negative control of bta-miR-139 mimic (Mimic NC), bta-miR-139 mimic, negative control of bta-miR-139 inhibitor (Inhibitor NC) or bta-miR-139 inhibitor, cell proliferation was assayed using (3-(4,5-Dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide) (MTT) dye (Amresco, Colorado, USA). MTT (5 mg/ml) was added to plates and incubated for 4 h. After that, the medium was discarded and cells were lysed in dimethyl sulfoxide (DMSO) (Amresco, Colorado, USA). Absorbance was measured at 490 nm using the Bio-Rad iMark 680 microplate reader (Bio-Rad, USA).

Co-transfection of *GHR* siRNA and miR-139 inhibitor {#Sec10}
----------------------------------------------------

Small interfering RNA (siRNA) duplexe targeting bovine *GHR* mRNA and a negative control were designed and synthesized by RiboBio Company (Guangzhou, China). The siRNA sequences were as follows: forward 5′-CCAGUCCUAGAGACAAAUU dTdT −3′ and reverse −3′ dTdT GGUCAGGAUCUCUGUUUAA 5′. The targeting sequence in GHR was as follow: CCAGTCCTAGAGACAAATT. BMECs were seeded in a 6-well plate at a density of 3 × 10^5^ cells per well in DMEM/F12 without antibiotics at \~80--90% confluence. They were co-transfected with negative control of bta-miR-139 inhibitor or bta-miR-139 inhibitor, and negative control of *GHR* siRNA or *GHR* siRNA (2 μg per 10^5^ cells). Lipofectamine 2000 was used according to the manufacturer's protocol. Approximately 6 h after transfection, the medium was changed to DMEM/F12. RNA extraction from BMECs was performed 24 h post-transfection, and protein extraction was performed 48 h post-transfection.

Statistical analysis {#Sec11}
--------------------

Statistical analyses were performed using SPSS19.0 software. All data are reported as the mean ± SEM of three independent experiments. Comparisons between treatments were made by *t* tests for two groups or ANOVA if there were more than two groups. Statistical significance was considered at *P*\<0.05.

Results {#Sec12}
=======

Expression of miR-139 in dairy cow mammary tissues {#Sec13}
--------------------------------------------------

To determine the expression of miR-139 in dairy cow mammary glands, we used qPCR to measure levels of the mature miR-139 in mid-pregnancy and mid-lactation mammary tissues of dairy cows. U6 was used for normalization. The result showed that miR-139 expression in mid-lactation bovine mammary tissues was significantly reduced compared with that in mid-pregnancy tissues (*P* \< 0.05) (Fig. [1](#Fig1){ref-type="fig"}). This result suggested that down-regulation of miR-139 may be important in lactation of dairy cows.Fig. 1Expression of miR-139 in Holstein cow mammary gland. Mammary tissues were from mid-pregnancy (P) (*n* = 3) or mid-lactation (L) (n = 3) cows. MiR-139 expression was normalized to U6. Results are shown as means ± SEM from three independent experiments. Statistical analysis was conducted using the *t* test."\*", statistical significance was considered at *P*\<0.05

MiR-139 directly targets 3′-UTRs of *GHR* and *IGF1R* in dairy cow {#Sec14}
------------------------------------------------------------------

Through a target prediction algorithm (TargetScan, <http://www.targetscan.org>), we found that *GHR* and *IGF1R* are potential target genes of miR-139 in cow. It is known that miRNAs function by binding to the 3**′**-UTR of their target mRNAs and inhibiting their expression. Then, to verify the binding of miR-139 to *GHR* and *IGF1R*, we performed a dual luciferase reporter assay in HeLa cells using the psiCHECK-2 vector and engineered luciferase reporter constructs containing the wild-type (WT) or mutant (Mut) 3′-UTR of the GHR or IGF1R gene, separately (Fig. [2a and b](#Fig2){ref-type="fig"}). Compared with co-transfection of negative control of miR-139 mimic with the luciferase reporter gene linked to the wild-type 3**′**-UTR of *GHR* or *IGF1R*, co-transfection of miR-139 mimic with the wild-type construct of *GHR* or *IGF1R* 3**′**-UTR strongly inhibited the luciferase activity. Luciferase activity was decreased in these cells by 53.5% or 51.7%, respectively (*P* \< 0.05) (Fig. [2c and d](#Fig2){ref-type="fig"}). In addition, luciferase activity was not altered by co-transfection of negative control of miR-139 mimic/miR-139 mimic with the mutant construct of *GHR* or *IGF1R* 3**′**-UTR in which the miR-139 binding sequence was mutated (*P* \> 0.05) (Fig. [2c and d](#Fig2){ref-type="fig"}). These results revealed that miR-139 directly binds to the 3**′**-UTRs of *GHR* and *IGF1R*.Fig. 2Identifying target genes of miR-139 via the dual luciferase reporter assay. **a** Bta-miR-139 binding sites in the 3**′**-UTR of *GHR*. Ten nucleotides (underlined) were mutated in luciferase reporter plasmids carrying *GHR* 3**′**-UTR. **b** Bta-miR-139 binding sites in the 3**′**-UTR of *IGF1R*. Eight nucleotides (underlined) were mutated in the luciferase reporter plasmids carrying *IGF1R* 3**′**-UTR. **c** Luciferase activity of reporter plasmids carrying wild-type or mutant *GHR* 3**′**-UTR in HeLa cells, in response to co-transfection with miR-139. **d** Luciferase activity of reporter plasmids carrying wild-type or mutant *IGF1R* 3**′**-UTR in HeLa cells, in response to co-transfection with miR-139. Results are shown as means ± SEM from three independent experiments. Statistical analysis was conducted using one-way ANOVA."\*", statistical significance was considered at *P* \< 0.05

MiR-139 decreases mRNA levels of *GHR* and *IGF1R* in BMECs {#Sec15}
-----------------------------------------------------------

To investigate whether expression of *GHR* and *IGF1R* is regulated by miR-139, we measured mRNA levels of miR-139, GHR and IGF1R by qPCR, following over-expression or silencing of miR-139 in cultured BMECs. BMECs were transfected with negative control of miR-139 mimic, miR-139 mimic, negative control of miR-139 inhibitor or miR-139 inhibitor, separately. The Control group was transfected with Lipofectamine 2000. As expected, compared with the Control group, over-expression of miR-139 significantly increased the level of miR-139 (*P* \< 0.05) (Fig. [3a](#Fig3){ref-type="fig"}), whereas silencing miR-139 decreased it (*P* \< 0.05) (Fig. [3b](#Fig3){ref-type="fig"}). Then, we examined mRNA levels of *GHR* or *IGF1R* with each treatment. Our qPCR results revealed that over-expression of miR-139 inhibited *GHR* expression by approximately 32% compared with the Control group (*P* \< 0.05) (Fig. [3c](#Fig3){ref-type="fig"}). However, miR-139 inhibitor treatment increased the level of *GHR* by approximately 37% compared with the Control group (*P* \< 0.05) (Fig. [3d](#Fig3){ref-type="fig"}). Our qPCR results also showed that over-expression of miR-139 significantly decreased the expression of *IGF1R* by approximately 21% compared with the Control group (*P* \< 0.05) (Fig. [3e](#Fig3){ref-type="fig"}), whereas loss of miR-139 increased the expression of *IGF1R* by approximately 73% compared with the Control group (*P* \< 0.05) (Fig. [3f](#Fig3){ref-type="fig"}). Taken together, these results confirmed that miR-139 negatively regulates mRNA levels of *GHR* and *IGF1R*.Fig. 3*GHR* and *IGF1R* are target genes of miR-139. BMECs were transfected with negative control of miR-139 mimic (Mimic NC), miR-139 mimic, negative control of miR-139 inhibitor (Inhibitor NC) or miR-139 inhibitor using Lipofectamine 2000. The Control group was only transfected with Lipofectamine 2000. MRNA levels of miR-139 (**a**, **b**), *GHR* (**c**, **d**) and *IGF1R* (**e**, **f**) were examined by qPCR at 24 h post-transfection. MiR-139 expression was normalized to U6. *GHR* and *IGF1R* expression was normalized to β-actin. Results are shown as means ± SEM from three independent experiments. Statistical analysis was conducted using one-way ANOVA."\*", statistical significance was considered at *P*\<0.05

Effects of miR-139 in BMECs {#Sec16}
---------------------------

The mammary gland in female mammals is responsible for milk production. To determine the role of miR-139 in milk production, we measured the protein levels of β-casein after over-expression or silencing of miR-139 in cultured BMECs. We found that over-expression of miR-139 decreased the protein level of β-casein compared with the Control group (*P* \< 0.05) (Fig. [4a and c](#Fig4){ref-type="fig"}), whereas silencing miR-139 increased it (*P* \< 0.05) (Fig. [4b and d](#Fig4){ref-type="fig"}).Fig. 4MiR-139 inhibits protein levels of β-casein in BMECs. **a** BMECs were transfected with Lipofectamine 2000 (Control), negative control of miR-139 mimic (Mimic NC) or miR-139 mimic. Western blotting analysis showed the protein levels of β-casein and β-actin at 48 h post-transfection. **b** BMECs were transfected with Lipofectamine 2000 (Control), negative control of miR-139 inhibitor (Inhibitor NC) or miR-139 inhibitor. Western blotting analysis showed the protein levels of β-casein and β-actin at 48 h post-transfection. **c** Relative protein levels were quantified by analyzing scanned blots in panel **a** using Bandscan5.0 software. β-actin was used as a loading control. **d** Relative protein levels were quantified by analyzing scanned blots in panel **b** using Bandscan5.0 software. β-actin was used as a loading control. For **c** and **d**, results are shown as means ± SEM from three independent experiments. Statistical analysis was conducted using one-way ANOVA. "\*", statistical significance was considered at *P*\<0.05

Milk production is determined by the number of secretory mammary epithelial cell \[[@CR25]\]. Then, we assessed the role of miR-139 on the proliferation of BMECs. The MTT assay revealed that miR-139 significantly decreased the number of BMECs at 48 and 72 h post-transfection with miR-139 mimic in comparison with the Control and Mimic NC groups (*P* \< 0.05) (Fig. [5a](#Fig5){ref-type="fig"}), whereas silencing miR-139 increased the proliferation of BMECs at 48 and 72 h post-transfection in comparison with the Control and Inhibitor NC groups (*P* \< 0.05) (Fig. [5b](#Fig5){ref-type="fig"}). These results revealed that miR-139 inhibits cell growth in BMECs.Fig. 5MiR-139 inhibits proliferation of BMECs. **a** BMECs were transfected with Lipofectamine 2000 (Control), negative control of miR-139 mimic (Mimic NC) or miR-139 mimic. Cell proliferation was measured by the MTT assay at 24, 48, 72, or 96 h post-transfection. **b** BMECs were transfected with Lipofectamine 2000 (Control), negative control of miR-139 inhibitor (Inhibitor NC) or miR-139 inhibitor. Cell proliferation was measured by the MTT assay at 24, 48, 72, or 96 h post-transfection. Results are shown as means ± SEM from three independent experiments. Statistical analysis was conducted using one-way ANOVA."\*", statistical significance was considered at *P*\<0.05

Next, to explore the underlying molecular mechanism of miR-139, we examined the protein levels of key members of the GHR and IGF1R signaling pathways after over-expression or silencing of miR-139 in cultured BMECs. Western blotting analysis showed that, compared with the Control and Mimic NC groups, over-expression of miR-139 reduced protein levels of p-STAT5 and STAT5, which are key members in the GHR signaling pathway (*P* \< 0.05) (Fig. [6a and c](#Fig6){ref-type="fig"}); IGF1R, p-AKT1, AKT1 and Cyclin D1, which are key members in the IGF1R signaling pathway (*P* \< 0.05) (Fig. [6a and c](#Fig6){ref-type="fig"}); and p-mTOR, mTOR, p-p70S6K and p70S6K, which are key members in both GHR and IGF1R signaling pathways (*P* \< 0.05) (Fig. [6a and c](#Fig6){ref-type="fig"}). Moreover, compared with the Control and Ihibitor NC groups, silencng miR-139 increased the levels of these proteins (*P* \< 0.05) (Fig. [6b and d](#Fig6){ref-type="fig"}). These results demonstrated that miR-139 down-regulates β-casein synthesis and mammary epithelial cells proliferation by influencing the GHR and IGFIR signaling pathways in BMECs.Fig. 6MiR-139 reduces protein levels of major downstream members of GHR and IGF1R signaling in BMECs. **a** BMECs were transfected with Lipofectamine 2000 (Control), negative control of miR-139 mimic (Mimic NC) or miR-139 mimic. Western blotting analysis showed the protein levels of p-STAT5, STAT5, IGF1R, p-AKT1, AKT1, Cyclin D1, p-mTOR, mTOR, p-p70S6K, p70S6K and β-actin at 48 h post-transfection. **b** BMECs were transfected with Lipofectamine 2000 (Control), negative control of miR-139 inhibitor (Inhibitor NC) or miR-139 inhibitor. Western blotting analysis showed the protein levels of p-STAT5, STAT5, IGF1R, p-AKT1, AKT1, Cyclin D1, p-mTOR, mTOR, p-p70S6K, p70S6K and β-actin at 48 h post-transfection. **c** Relative protein levels were quantified by analyzing scanned blots in panel **a** using Bandscan5.0 software. β-actin was used as a loading control. **d** Relative protein levels were quantified by analyzing scanned blots in panel **b** using Bandscan5.0 software. β-actin was used as a loading control. For **c** and **d**, results are shown as means ± SEM from three independent experiments. Statistical analysis was conducted using one-way ANOVA. "\*", statistical significance was considered at *P*\<0.05

MiR-139 also regulates β-casein synthesis and IGF1R signaling by influencing *GHR* {#Sec17}
----------------------------------------------------------------------------------

We next sought to determine the relationship among miR-139, GHR, and IGF1R. As we have shown, silencing miR-139 significantly increased mRNA levels of *GHR* (*P* \< 0.05) (Fig. [7a](#Fig7){ref-type="fig"}), and protein levels of IGF1R, p-AKT1, AKT1, and β-casein in comparison with the Control group (*P* \< 0.05) (Fig. [7b and c](#Fig7){ref-type="fig"}). While, silencing *GHR* by siRNA significantly decreased the mRNA levels of *GHR* in comparison with the Control group (*P* \< 0.05) (Fig. [7a](#Fig7){ref-type="fig"}). Moreover, the loss of *GHR* expression also contributed to decreased protein levels of IGF1R, p-AKT1, AKT1, and β-casein in comparison with the Control group (*P* \< 0.05) (Fig. [7b and c](#Fig7){ref-type="fig"}). In addition, when *GHR* and miR-139 were both silenced, mRNA level of *GHR* and protein levels of IGF1R, p-AKT1, AKT1, and β-casein increased relative to those of the group with silenced *GHR* (*P* \< 0.05) (Fig. [7a--c](#Fig7){ref-type="fig"}). These results indicated that IGF1R signaling is also regulated by *GHR*. However, the expression and effects of *GHR* can be influenced by miR-139.Fig. 7MiR-139 also regulates synthesis of β-casein and IGF1R signaling by influencing *GHR*. BMECs were transfected with (without) *GHR* siRNA and (or) miR-139 inhibitor. **a** GHR mRNA levels were examined by qPCR at 24 h post-transfection in cultured BMECs. GHR expression was normalized to β-actin. **b** Western blotting analysis showed the levels of IGF1R, p-AKT1, AKT1, β-casein, and β-actin at 48 h post-transfection in cultured BMECs. **c** Relative protein levels were quantified by analyzing scanned blots in panel **b** using Bandscan5.0 software. β-actin was used as a loading control. For **a** and **c**, results are shown as means ± SEM from three independent experiments. Statistical analysis was conducted using one-way ANOVA. Bars with different lowercase letters are significantly different (*P* \< 0.05)

Discussion {#Sec18}
==========

The mammary gland gains the function of milk production during lactation \[[@CR26]\]. Our previous results from microRNA microarrays showed that the expression of some miRNAs, such as miR-139, is down-regulated on transition from pregnancy to lactation in mammary tissues from mouse \[[@CR11]\] and dairy cow (data unpublished). Since miRNAs can trigger inhibition of protein translation \[[@CR4], [@CR27], [@CR28]\], down-regulation of certain miRNAs during lactation indicates that they may play important roles related to lactation \[[@CR29]\]. We observed that the expression of miR-139 is reduced in dairy cow mammary gland from pregnancy to lactation. Therefore, we hypothesized that miR-139 may be involved in lactation of dairy cows and tested this hypothesis. Out of potential target genes for miR-139, we prioritized *GHR* and *IGF1R* for further studies based on their roles in lactation processes. Our dual luciferase reporter assay indicated that miR-139 binds to *GHR* and *IGF1R* by their 3**′**-UTRs. Furthermore, we observed that mRNA levels of GHR and IGF1R were inversely correlated with miR-139 expression in cultured BMECs. These results confirmed that *GHR* and *IGF1R* are target genes of miR-139 in dairy cow mammary gland.

GHR activates signaling pathways including the Janus kinase2/signal transducer and activator of transcription (JAK2/STAT), mitogen activated protein kinase (MAPK), and the phosphatidylinositol-3-kinase (PI3K) pathways \[[@CR14]\]. In particular, the JAK-STAT5 pathway is the main pathway through which GH influences the expression of genes encoding milk proteins such as β-casein, an important differentiation marker in mammary epithelial cells \[[@CR16], [@CR30], [@CR31]\]. Moreover, GH influences protein metabolism through changes in the mTOR signaling pathway in bovine mammary gland \[[@CR9]\]. It is worth noting that the mTOR signaling pathway can also be influenced by IGF1R. There are two classical signaling pathways regulated by IGF1R, the PI3K-AKT and RAS/RAF/MAPK pathways \[[@CR32]\]. IGF1R regulates protein synthesis through the PI3K-AKT1-mTOR pathway \[[@CR33]\]. After phosphorylation of mTOR, the mTOR pathway regulates the translation process by directly phosphorylating the translational regulators eukaryotic translationinitiation factor 4E (eIF4E) binding protein 1 (4E--BP1) and S6 kinase 1 (S6 K1), which in turn promote protein synthesis \[[@CR19], [@CR34]\]. In our study, we revealed that miR-139 reduced protein levels of β-casein. In addition, we found that miR-139 inhibited not only the activity of downstream signaling molecules of the GHR and IGF1R pathways, but also the total protein levels of key molecules of these pathways. This phenomenon has also been found by others \[[@CR24], [@CR35]\]. These observations suggest that miR-139 likely inhibits synthesis of β-casein through GHR and IGF1R signaling in BMECs.

In general, the number of secretory mammary epithelial cells determines milk production in a mammary gland, and the balance between proliferation and apoptosis controls the number of secretory mammary epithelial cells. Both proliferation and apoptosis produce effects gradually throughout the lactation period \[[@CR25]\]. Previous studies showed that IGF1R can stimulate cell proliferation and inhibit apoptosis through the PI3K/AKT and MAPK pathways \[[@CR36]\]. Our study revealed that miR-139 down-regulated expression of IGF1R and PI3K/AKT members. Moreover, in our cell proliferation assay, miR-139 significantly inhibited the growth of BMECs. Cyclin D is a known cell cycle regulator which indirectly stimulates the expression of various cell cycle promoters \[[@CR37]\]. Previous studies showed that IGF1R induces elevated protein levels of Cyclin D1 through binding of the lymphoid Enhancer-Binding Factor 1 (LEF1) transcription factor in the nucleus \[[@CR38]\]. Then, we determined the expression of Cyclin D1 by western blotting analysis. Our results showed that miR-139 decreased the protein level of Cyclin D1 in cultured BMECs. These results suggest that miR-139 also reduces the number of BMECs via IGF1R signaling.

In this study, we determined that *GHR* and *IGF1R* are target genes of miR-139 and that miR-139 inhibits synthesis of β-casein through down-regulating both GHR and IGF1R signaling. However, there is another connection between GHR and IGF1R. As we know, the binding of GHR to its ligand regulates IGF1 production by activating the STAT5b signaling cascade \[[@CR39], [@CR40]\]. Moreover, postnatal IGF1 production is predominantly regulated by GH \[[@CR41]\]. These data indicate that the effect of GHR on the mammary gland may be exerted via IGF1R. Then, we investigated the relationship among miR-139, GHR, and IGF1R. As a result, we revealed that GHR is a regulator of IGF1R signaling because silencing *GHR* decreased protein levels of β-casein, IGF1R, and key members of the IGF1R pathway. Additionally, we found that co-silencing miR-139 and *GHR* rescued the expression of *GHR* and *GHR* silencing effects. These data suggest that miR-139 also regulates synthesis of β-casein and IGF1R signaling by influencing GHR.

Conclusions {#Sec19}
===========

In conclusion, we have revealed that miR-139 is down-regulated in lactating dairy cow mammary glands and that miR-139 inhibits β-casein synthesis and proliferation by targeting the GHR and IGF1R signaling pathways in BMECs. This finding suggests that miR-139 may act as a potent inhibitor in lactation.
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